Recent studies have shown that anaerobic co-digestion (AnCoD) is superior to conventional anaerobic digestion (AD). The benefits of enhanced bioenergy production and solids reduction using co-substrates have attracted researchers to study the co-digestion technology and to better understand the effect of multi substrates on digester performance. This review will discuss the results of such studies with the main focus on: (1) generally the advantages of co-digestion over mono-digestion in terms of system stability, bioenergy, and solids reduction; (2) microbial consortia diversity and their synergistic impact on biogas improvement; (3) the effect of digester mode, i.e., multi-stage versus single stage digestion on AnCoD. It is essential to note that the studies reported improvement in the synergy and diverse microbial consortia when using co-digestion technologies, in addition to higher biomethane yield when using two-stage mode. A good example would be the co-digestion of biodiesel waste and glycerin with municipal waste sludge in a two-stage reactor resulting in 100% increase of biogas and 120% increase in the methane content of the produced biogas with microbial population dominated by Methanosaeta and Methanomicrobium.
Introduction
Waste materials including biowaste are constantly being generated due to inevitable human activities. Different techniques have been employed to manage and reduce the growing amount of biowaste. Incineration and gasification are the two main waste to energy technologies that have been widely used throughout the world. However, such technologies result in secondary environmental impact. Landfilling can lead to soil and groundwater contamination, imposing further actions and cost to remediate the contamination. It also requires large areas of land [1] . If not well managed and maintained, incineration will cause air pollution and subsequent environmental and health impacts. A number of detrimental products, such as dust, dioxins, furans, heavy metals, SOx, NOx, HCl, and HF are generated during the incineration process. A flue gas cleaning system is necessary to meet the regulatory requirements, while the need for using chemicals increases the cost of the process [2] . The incineration of some sources of waste, including animal waste, with a high moisture content and quite low calorific value, requires a certain amount of supplementary fuel [3] . Furthermore, a net positive energy balance can be obtained from combustion only if the moisture content of the biomass is lower than 60%. In pyrolysis and gasification, the energetic efficiency reduces with higher moisture content and the presence of water in the produced bio-oil is disadvantageous. The utilization of these technologies demands an energy consuming pre-drying stage to reduce the moisture content of the wet type of biowaste. In contrast, anaerobic digestion (AD) is a microbial process that converts biomass to energy in an aqueous environment. Biomass sources, even with less than 40% dry matter content, can be used in the AD process. Recent studies verify a higher potential for improving AD systems in comparison with the incineration technology [4, 5] .
Mitigation of climate change and fossil fuel consumption requires a shift to alternative, renewable energy sources [6, 7] . As reported by International Energy Outlook, 2011 [8] , total world energy consumption will increase from 5.32 × 10 20 J in 2008 to an estimated number of 6.35 × 10 20 J in 2020, and it is expected to rise to 8.12 × 10 20 J in 2035, which is equivalent to a 53% increase in the span of 27 years. Energy obtained from biomass is regarded as an important future renewable source, as it is capable of providing a continuous power generation and it is also an essential part of the current CO2-mitigation policy [4, 7] . Production of biofuel from biomass has received increasing attention during recent years. Several treatment processes and technologies have been established to obtain sustainable and affordable biofuel, for example Syngas (SNG) is a synthetic gas produced by gasification of a carbon containing fuel that has some energy value. However, production of SNG is narrowly practiced due to the high cost of this process [9, 10] .
Anaerobic digestion (AD), which is widely used for the treatment of wet residual biomass, is considered to be one of the most favorable processes for biofuel production from biomass. AD technologies can be categorized into three main classes based on the total solids (TS) content of the substrate: wet AD with TS < 15%; dry AD with TS < 25%; and solid state AD operated with a TS content of up to 40%. Currently, wet and dry anaerobic digestion techniques are mostly used for the organic fraction of municipal solid waste [11] . During the AD process, the organic matter will be decomposed by a microbial consortium in an oxygen-free environment. The main outcome of the AD process is the production of methane (50-75%), carbon dioxide (19-34%) , and a small portion of biohydrogen (<1%) [7, 12] . Methane from AD can be utilized as an energy source alternative to fossil fuels; the energy capacity can vary, depending on the type of waste, from 20 to 300 kWh of net energy per ton of waste [7, 13, 14] . According to the ministry of agriculture of Ontario, 48 kWh from dairy manure and 335 kWh from corn silage was obtained in 2016. The AD biological process is based on the biochemical conversion of organic matter into methane, which occurs through the metabolic action of methanogenic Bacteria and Archaea [15] . The metabolic reactions during AD include four stages, hydrolysis, acidogenesis, acetogenesis, and methanogenesis, which are conducted by various groups of microorganisms. Complex organic compounds are first hydrolyzed through enzymatic reactions to monomers, such as glucose, amino acids, and long chain fatty acids (LCFAs), and they are subsequently converted in the acidogenic pathway to volatile fatty acids, H 2 , and acetic acid. During the metabolic pathway of β oxidation, LCFAs break down in multiple stages to H 2 . The acetogenic bacteria convert volatile fatty acids to H 2 , CO 2 , and acetic acid in acetogenesis stage. In Homoacetogenesis, Hydrogen is used to reduce carbon dioxide to acetate. Finally, methanogens convert H 2 , CO 2 , and acetate to CH 4 and CO 2 [16, 17] . These pathways are summarized and shown in Figure 1 . The growth rate of anaerobic microorganisms and subsequent biogas production depends highly on the composition of the organic matter in the feedstock. The constituents of the feedstock added to the digester are consumed selectively by a range of different microbial consortia. In addition, the existence of nitrogen in the feedstock is necessary for the synthesis of amino acids, proteins, and nucleic acids. It is also required for ammonia formation to neutralize volatile fatty acids (VFAs) produced during the fermentation process and to maintain neutral pH conditions for cell growth. However, an excess of nitrogen in the feedstocks can result in toxic effects to bacteria by extreme ammonia formation. Therefore, a suitable amount of nitrogen is required to provide sufficient nutrients while avoiding ammonia toxicity [26, 27] .
During anaerobic digestion, a series of complex biological degradation pathways are involved, which are influenced by numerous factors. Therefore, a profound understanding of the biochemical activities of anaerobic microorganisms in the AD system is required to support an effective control of the governing factors [28] .
AD Process and Main Parameters
Overall, two groups of parameters can affect the anaerobic digestion performance, including environmental and operational factors. Environmental factors comprise temperature, pH, alkalinity, and waste characteristics, such as the amounts of volatile solids (VS), carbon to nitrogen (C/N) ratio, total solids (TS), nutrients, organic loading rate (OLR), ammonia, and VFAs. For example, VS contains both biodegradable volatile solids (BVS) and the refractory volatile solids (RVS) fractions. BVS fractions of substrates are helpful in better biodegradability of the waste, organic loading rate, C/N ratio, and biogas production. Waste materials containing high VS and low non-biodegradable material, or RVS, are the most suited to AD treatment. Only the biodegradable fraction of the VS has the potential for bioconversion. The refractory volatile solids in most feedstocks contain mostly lignin. Lignin is a complex organic material that is not easily degraded by anaerobic bacteria, and normally requires a long period of time for complete degradation [29, 30] . Various sources of waste with high biological pollution loads, including organic fraction of municipal solid waste (OFMSW), agricultural and animal wastes, sewage sludge, and rural and slaughterhouse effluents, can be utilized as feedstock [18] [19] [20] . The capture of CO 2 and recovery of energy from biogas can contribute to greenhouse gas reductions by a considerable amount [7, 20] . Moreover, digestate, the semi-solid residue of AD, contains demineralized nitrogen and phosphorus that can be utilized as organic fertilizer [21] .
AD technologies have shown sufficient adaptability to different feedstocks [22] . Although AD is a commercial reality for a range of wastes, anaerobic digestion of single waste may be associated with certain drawbacks, such as unbalanced nutrients, rapid acidogenesis, poor buffering capacity, high ammonia nitrogen concentration, and inhibition of long chain fatty acids, which can inhibit methanogenesis and lead to severe instability and process disruption [23] [24] [25] .
The growth rate of anaerobic microorganisms and subsequent biogas production depends highly on the composition of the organic matter in the feedstock. The constituents of the feedstock added to the digester are consumed selectively by a range of different microbial consortia. In addition, the existence of nitrogen in the feedstock is necessary for the synthesis of amino acids, proteins, and nucleic acids. It is also required for ammonia formation to neutralize volatile fatty acids (VFAs) produced during the fermentation process and to maintain neutral pH conditions for cell growth. However, an excess of nitrogen in the feedstocks can result in toxic effects to bacteria by extreme ammonia formation. Therefore, a suitable amount of nitrogen is required to provide sufficient nutrients while avoiding ammonia toxicity [26, 27] .
Overall, two groups of parameters can affect the anaerobic digestion performance, including environmental and operational factors. Environmental factors comprise temperature, pH, alkalinity, and waste characteristics, such as the amounts of volatile solids (VS), carbon to nitrogen (C/N) ratio, total solids (TS), nutrients, organic loading rate (OLR), ammonia, and VFAs. For example, VS contains both biodegradable volatile solids (BVS) and the refractory volatile solids (RVS) fractions. BVS fractions of substrates are helpful in better biodegradability of the waste, organic loading rate, C/N ratio, and biogas production. Waste materials containing high VS and low non-biodegradable material, or RVS, are the most suited to AD treatment. Only the biodegradable fraction of the VS has the potential for bioconversion. The refractory volatile solids in most feedstocks contain mostly lignin. Lignin is a complex organic material that is not easily degraded by anaerobic bacteria, and normally requires a long period of time for complete degradation [29, 30] .
The amount of carbon and nitrogen present in feedstock or the C/N ratio is a very important parameter for AD. A high C/N ratio leads to deficiency in the AD system, since it indicates rapid consumption of nitrogen by methanogens and leads to lower gas production. On the contrary, a lower C/N ratio results in accumulation of ammonia and exceeding pH values that are toxic to methanogens. Low C/N ratios occur when too much nitrogen is present [30] [31] [32] . C/N ratio, along with the other factors, has to be at the optimum value to satisfy the process stability [33] . The suitable C/N ratio for the effective metabolic processes of microbial groups falls within the range of 20-30, which is sufficient to maintain system stability and meet expected energy and nutrient requirements for cell growth [26] . Substrates with high C/N ratios have poor buffering capacity and produce excessive amounts of VFAs during fermentation. In contrast, substrates characterized by low C/N ratios have high buffer capacity and the increased concentration of ammonia in the fermentation process leads to microbial growth inhibition.
The performance of anaerobic digesters can be reduced by various environmental factors, including undesirable pH range, accumulation of ammonia, and VFAs, which inhibit the activity of methanogenic microorganisms. Except for ammonia, other factors, such as sulphide, sodium and potassium, heavy metals, volatile fatty acids, long-chain fatty acids, and hydrogen, can also affect the activity of methanogens. Molecular hydrogen is formed throughout different stages of anaerobic digestion [34, 35] .
Inhibition can occur due to the lack of balance between the rates of hydrolysis and methanogenesis. A suitable balance between those rates is essential for higher methane production. Rapid methanogenesis is required to prevent accumulation of organic acid lowering pH to an extent that inhibits methanogenesis [36] [37] [38] [39] .
Some nutrient elements are needed for the growth of methane-forming bacteria. Particular metals comprising nickel, iron, cobalt, and molybdenum are essential for optimal growth and methane production. Trace metals stimulate methanogenic activity. Some metals, including selenium, molybdenum, manganese, aluminum, and boron, have been suggested as additional components in order to achieve a nutrient-rich medium. The addition of metal ion solutions to anaerobic digesters can improve the performance of the AD system [30, 40] .
The increase of the TS fraction leads to a corresponding decrease in the reactor volume. The OLR is defined as the organic matter flowing into the digester over time, which is expressed as the mass of organic matter over digester volume over time [30, 36] . OLR is also defined as a measure of the biological conversion capacity of the AD system. When feeding the system above its sustainable OLR, low biogas yield is obtained. This is caused by the accumulation of the inhibiting substances, such as fatty acids in the digester slurry. Any substrate that can be converted to methane by anaerobic bacteria is referred to as feedstock. The main components of feedstock are carbon, oxygen, nitrogen, hydrogen, and phosphorus, and the microbial cell materials of those elements are reported to be approximately 50, 20, 12, 8 , and 2%, respectively. Feedstocks can be a range of different waste materials, from easily degradable wastewater to complex high-solid waste [41] .
There is a different optimum pH range for each group of micro-organisms. Methanogenic Archaea are very sensitive to pH. The optimum range for them is between 6.5 and 7.2. The fermentative microorganisms are relatively less sensitive and can tolerate a wider range of pH between 4.0 and 8.5. Mainly acetic and butyric acid are produced at a low pH, while acetic and propionic acid are produced at a pH of 8.0. The VFAs produced during the AD process result in a pH reduction. This reduction is normally adjusted by methanogenic Archaea, which produce alkalinity in the form of ammonia, carbon dioxide, and bicarbonate [30, 36] . The pH of the system is controlled by the CO 2 in the gas phase and the HCO 3 -alkalinity of the liquid phase. If the concentration of CO 2 remains constant, the addition of HCO 3 -alkalinity can increase the pH of the digester. In order to maintain a stable and well-buffered digestion process, a buffering capacity of 70 meq CaCO 3 /L or a molar ratio of at least 1.4:1 of bicarbonate/VFAs is required. However, studies has shown that particularly the stability of the ratio is very significant, and not so much its level. The temperature is also an important environmental factor effecting the physicochemical properties of the substrate. Moreover, it is effective on the growth rate and metabolism of micro-organisms and the population dynamics in the reactor. It is very important that a stable operating temperature is maintained in the digester, since fluctuations in temperature affect the bacteria, particularly the methanogens [36, 42] .
Apart from the environmental factors, a number of operational factors, including solid retention time (SRT), hydraulic retention time (HRT), digestion mode (in terms of single or multi stage approaches), digester design (being batch or continuous types), and digester mixing also affect the AD performance. SRT and HRT are important design and operating parameters for all anaerobic processes. Reduction of SRT decreases the extent of the reactions, and vice versa. A fraction of the bacterial population is removed each time when the sludge is withdrawn. Therefore, the cell growth must at least compensate the cell removal to maintain a steady state and to prevent process failure. In most cases, SRT of >10 days is desired and SRT of less than 10 days and more than 40 days can adversely affect the digester performance [40, 43, 44] . To attain optimum performance for the AD, it is essential to maintain proper mixing. Mixing causes near contact between the feed sludge and active biomass, yielding uniformity of a number of environmental parameters, including temperature, substrate concentration, other chemicals, and physical and biological aspects throughout the digester. Mixing also prevents the formation of surface scum layers and sludge deposition on the bottom of the tank [36] .
Anaerobic co-digestion (AnCoD), which entails the simultaneous digestion of two or more feedstocks, has been shown to be beneficial for its economic viability, increased methane yields, and its capability to alleviate some of the problems emerging in mono-digestion. These problems, such as imbalanced nutrients, existence of toxic materials, or recalcitrant compounds in the feedstock, have made anaerobic co-digestion of multi-feedstock a popular research area in the enhancement of conventional AD technology. Publications on AnCoD have significantly increased within the last fifteen years, indicating its capability for improving biogas production [7, 18, 20, 26] . Several reviews are available on different aspects of AD processes in general. However, there is no adequate study specifically on reviewing the AnCoD of multi-feedstock. This article is mainly focused on the analysis of microbial populations of AnCoD and the impact of using a multi-stage process in the anaerobic co-digestion process. It aims to provide a review on the influence of adding co-substrates in the anaerobic co-digestion of multiple feedstocks to improve biogas production. Primarily it will discuss the advantages of co-digestion over mono digestion in terms of system stability, bioenergy, and solids reduction. The influence of adding co-substrates on microbial consortia diversity and their synergistic impact on biogas improvement will then be delineated, and lastly the effect of digester mode (i.e., multi-stage versus single stage digestion) on enhancing biogas in the AnCoD process when using multiple feedstocks will be presented.
Anaerobic Co-Digestion (AnCoD)
AnCoD involves a simultaneous digestion of two or more substrates. The main goal of anaerobic co-digestion is to increase biogas, mainly biomethane for heat and electricity. As shown in Figure 2 , a range of feedstocks can be co-digested at a suitable blend ratio to maintain optimum conditions required for metabolic activity and improved biogas production for heat and electricity. Anaerobic co-digestion has been shown to be a viable option to alleviate the drawbacks of mono-digestion, while enhancing the economic feasibility of the existing AD plants by increasing methane yields [23, 31, 45] . Various advantages of AnCoD systems are presented in Figure 3 . When applying AnCoD, multiple aspects are considered. The cost of transporting the co-substrate from the generation point to the plant seems to be the most common consideration, while the selection of the best co-substrate and blend ratio in order to enhance synergism, dilute disruptive compounds, and optimize methane production and digestate quality are also important considerations that plants evaluate when using AnCoD [45] [46] [47] . Co-digestion of different feedstocks with animal manure can increase biogas production from 25% to 400% compared to the mono-digestion of the same substrates. In co-digestion of pig manure with glycerol at a pig manure/glycerol mixing ratio of 24/1 under mesophilic conditions, almost a 400% increase in biogas was observed in comparison with the conventional mono-digestion of pig manure alone [48, 49] . Various advantages of AnCoD systems are presented in Figure 3 . When applying AnCoD, multiple aspects are considered. The cost of transporting the co-substrate from the generation point to the plant seems to be the most common consideration, while the selection of the best co-substrate and blend ratio in order to enhance synergism, dilute disruptive compounds, and optimize methane production and digestate quality are also important considerations that plants evaluate when using AnCoD [45] [46] [47] . Various advantages of AnCoD systems are presented in Figure 3 . When applying AnCoD, multiple aspects are considered. The cost of transporting the co-substrate from the generation point to the plant seems to be the most common consideration, while the selection of the best co-substrate and blend ratio in order to enhance synergism, dilute disruptive compounds, and optimize methane production and digestate quality are also important considerations that plants evaluate when using AnCoD [45] [46] [47] . Co-digestion of different feedstocks with animal manure can increase biogas production from 25% to 400% compared to the mono-digestion of the same substrates. In co-digestion of pig manure with glycerol at a pig manure/glycerol mixing ratio of 24/1 under mesophilic conditions, almost a 400% increase in biogas was observed in comparison with the conventional mono-digestion of pig manure alone [48, 49] . Co-digestion of different feedstocks with animal manure can increase biogas production from 25% to 400% compared to the mono-digestion of the same substrates. In co-digestion of pig manure with glycerol at a pig manure/glycerol mixing ratio of 24/1 under mesophilic conditions, almost a 400% increase in biogas was observed in comparison with the conventional mono-digestion of pig manure alone [48, 49] .
Feedstocks characterized by higher C/N ratios (>50), such as rice and wheat straws, corn stalks, seaweed, and algae, can be co-digested by the feedstocks of lower C/N ratios, for instance pig manure, poultry manure, and food and kitchen wastes, to achieve nutrient balance and to avoid the inhibition that leads to system instability and reduced biogas production as a result of an unsuited C/N ratio [26, [50] [51] [52] . Table 1 shows the possible feedstocks for co-digestion with regard to C/N ratio. Table 1 . Potential feedstocks for co-digestion to balance nutrient with regard to C/N ratio [26, [50] [51] [52] . 
AnCoD Process and Main Parameters
For the implementation of AnCoD, other than the aforementioned factors that govern the conventional AD process, additional considerations, including the selection of co-substrates and their mixing ratio, should be taken. For instance, mixing materials of high and low C/N ratios, such as organic solid waste mixed with animal manure or sewage, can help achieve optimum C/N ratios (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) [26, 53] .
In order to attain an improved co-digestion process, some precautions and suitable procedures are necessary. There may be requirements for supplementary digester equipment depending on the size of the operation, quality of waste, and characteristics of the wastes to be co-digested. Precautions or supplementary equipment would mainly be required for homogenization and mixing of co-substrates, delivery of waste, prevention of excessive foaming and scum layer formation, and removal of sediment from the digester. Furthermore, proper monitoring parameters should be determined to control and regulate the AnCoD digesters to help maintain an efficient performance when it is under operation. Applying suitable monitoring and control procedures when running the AnCoD process allows for utilization of the full capacity of the system without overload risks. Monitoring can be performed by measuring indirectly the activity of different groups of organisms, for example by measuring the rate of gas production, or the accumulation of intermediates of anaerobic degradation which reflect the existing metabolic status of the active organisms in the system [54] .
A number of recommendations in the literature has been proposed, specifying which control parameters should be chosen to be measured for monitoring purposes. Some of the more common ones include pH, alkalinity, VFAs, gas production rate, and the amounts of hydrogen, methane, and carbon dioxide in the gas [55, 56] .
Partial alkalinity (PA) has been considered as a reliable monitoring parameter [57] [58] [59] . The applicability of pH as a process indicator was reported to be intensely dependent on the buffering capacity, making it an unreliable monitoring parameter [55] . It is expected that the selection and applicability of a specific parameter could not be generalized depending on the individual process configuration and the waste characteristics.
In a study on a full-scale municipal system examining co-digested excess sludge from the municipal wastewater treatment plant with carbohydrate-rich food processing waste, different parameters were assessed for monitoring and control of the system performance. Those parameters included the volume of gas produced, pH, VFAs, and alkalinity. In addition, gas composition and the degradation of organic matter were also measured at steady states and during process changes. Both full-scale and lab-scale experiments were carried out to evaluate the suitability of those parameters. In that research, the digester was run below maximum capacity in order to avoid overload. The only operational limit set for the plant was that the pH should not have been below 6.8. Therefore, the pH was compared with alkalinity, VFA concentration, gas production rate, and the gas composition. Alkalinity was measured as PA. OLR changes were monitored both in the full-scale digester and in the lab-scale models. As indicated by the results of that study, the load's fluctuations were reflected in the pH, PA, and VFA concentrations. At overload condition, all three parameters clearly demonstrated the process imbalance. The VFA concentrations proved to be a better indicator for an overload of the microbial system, although alkalinity and pH showed good monitoring parameters as well. The results indicated that gas-phase parameters demonstrated a slow response to load changes. The response of gas production and gas composition was delayed and significant change was observed only after severe overload [60] . This is in agreement with the results of other studies, which had observed that the change in the gas phase parameters only takes place after well-developed imbalance. For that reason, the gas-phase concentration would not always reflect the actual concentration in the liquid caused by limitations in liquid-to-gas mass transfer [56, [61] [62] [63] .
At a higher OLR of 5.9 KgVS/m 3 day, the process was shown to be more sensitive to system disturbances. The changes in VFA concentration were not accurately reflected in pH. The increased amounts of VFAs were demonstrated in a lower pH (5.3), because of the low buffering capacity of the process. Nevertheless, the pH was not presented as a reliable means of process monitoring because of possible variation in buffering capacity as a result of variations in substrate composition. Therefore, a process imbalance, causing significant accumulation of VFAs, could be unseen by this buffering effect. Therefore, relying on pH measurements for the process monitoring was not advised and the usage of pH measurements together with measurements of the PA or VFAs was suggested by authors [60] .
Some studies have been carried out to evaluate the impact of various factors on AnCoD processes. The main aim of the studies was to assess the influence of those parameters on biogas yield and biogas composition, including biomethane or biohydrogen content. However, no comprehensive guidelines have been compiled so far to standardize the AnCoD systems. This would be firstly due to the complexity of the process caused by the variety of co-substrates and waste composition, and secondly because it has not been broadly implemented at full scale.
In the study conducted by IEA Bioenergy, in addition to the analysis of the ammonia and the volatile fatty acid concentration, identifying the influences of co-substrates on the digester behavior was recommended. It was suggested to maintain a record of the type and amount of separated contaminations in co-digestion. In the case that sterilization is also involved, monitoring the type and the amount of waste streams and the treatment conditions, such as time and temperature, were also considered to be of necessary control parameters. The sampling frequency and methods for analysis required for quality assurance of the end product digestate or compost were also comprehensively defined in that study [64] .
Although co-digestion of feedstocks, such as poultry manure and kitchen waste with low C/N ratio with those of higher C/N ratio, such as agricultural waste including rice and wheat straw, is a solution to adjust its ratio to the optimum level, the existence of lignocellulosic material in the agricultural waste caused limitations during AnCoD as a result of long retention time and low biodegradability [65] .
Such problems may still demand pretreatment techniques in order to speed up the hydrolysis, which is the rate-limiting step in the anaerobic digestion process. The main purpose of the pre-treatment is to increase the solubilization by the breakdown of the complex substrates, such as lignin in lingocellulosic feedstocks or tough cell walls in seaweed biomass, in order to accelerate the hydrolysis rate [66] [67] [68] .
Rodriguez et al. [69] studied the effect of using co-substrates on methane production in co-digestion of waste paper (WP) with microalgal biomass (MA). Their study was carried out in batch mode and was intended to investigate the influence of the feedstock's mixing ratio (WP/MA), as well as feedstock to inoculum (F/I) ratio. They achieved the highest methane yield of 608 mL CH 4 /g VS at the F/I and WP/MA ratios of 0.2 and 50:50, respectively. At this mixing ratio of the feedstocks, the obtained methane yield was more than that of the feedstock's mono-digestion. The maximum increase of 49.58% of the methane yield occurred at the same co-digestion ratio of 50:50 and F/I ratio of 0.4. Their study verified the synergetic effect at the feedstock mixing ratio of 50:50, and all F/I ratios of 0.2, 0.3, and 0.4.
Pretreatment has proved successful at increasing the methane yield of numerous strains of microalgae in the digestion process. Most species of microalgae reduce the digestion rate due to their tough cell wall, consisting of slowly biodegradable material [70] .
With the increasing attention on anaerobic co-digestion, a number of research studies have been allotted for co-digestion of various feedstocks and pre-treatment techniques, including mechanical particle size reduction, thermal, chemical, and ultrasonic treatment, enzymatic degradation, among others [71, 72] . For instance, mechanical pretreatment with Hollander beater in co-digestion of seaweed biomass with digester sludge increased biogas production by 20% at a ratio of 2:3 of algal pulp to sludge per reactor for 10 min beating time [73] . Sufficient data is available on these topics, although it is beyond the scope of this paper. The existing work aims to review the impact of microbial consortia diversity and digester mode on anaerobic co-digestion.
Microbial Diversity in AnCoD
The selection of sludge inocula plays an important role in the effectiveness of biological anaerobic treatment of organic wastes. The analysis of microbial community dynamics has revealed that various waste streams and environmental factors can affect microbial community dynamics in an anaerobic co-digestion process [74] [75] [76] . Reportedly, mesophilic anaerobic co-digestion of mixed wastes allows for a better variety of substrates, which in turn supports a wider diversity of bacteria and archaea. More diverse resource input results in more diverse communities and greater metabolic activity [75, 77, 78] . However, there is limited awareness about the microbial consortia in the anaerobic co-digestion process due to the lack of metabolic data on the microorganisms involved in the process.
A comprehensive understanding of the microbial community is hindered by limitations of conventional molecular technology approaches that are restricted in terms of detecting sophisticated microbial diversity in the environment. Attempts for the analysis of the 16S rRNA gene sequencing have been carried out as an alternative to conventional culture techniques. This method is used to identify and compare microorganisms present within a given sample, and it is a well-established method for studying complex microbial communities or environments that are difficult or impossible to study. The method of 16S rRNA gene-based fingerprints could provide less biased and higher coverage information and can support many unknown details about the mechanism of microbial response to the digester enhancement. An improved understanding of the function and the metabolic role of microorganisms in the anaerobic co-digestion of various pollutants can be obtained by the molecular inventories [79, 80] . Some of the results of these studies are presented in Table 2 . 
Microbial Community Structure and Synergy
Organic matter in the AD process is decomposed synergistically by a bacterial consortium producing biogas, including biomethane [90, 91] . The process involves at least three functional groups of microorganisms that mainly regulate the mutual metabolic interactions under anaerobic conditions. The first microbial community hydrolyzes complex polymeric substances, such as lipids, cellulose, and protein, to fundamental structural building blocks, such as glucose and amino acids. Subsequently, fermentation of these products to fatty acids, acetate, and hydrogen is proceeded by the second community. Among degradation processes involved in anaerobic digestion, the hydrolysis-acidogenesis process has been shown to be the most important step. Hydrolysis is considered as the rate limiting step and in the case of insufficient buffering capacity, accumulation of volatile fatty acids in the reactor during the acidogenesis step can be difficult to control on a large scale as a result of decreasing pH below the range of 6.4-8, which is suitable for methanogens. The third community develops a methanogenesis process, through which acetate and hydrogen are converted to methane and carbon dioxide. Therefore, microbial communities are vital to a stable and efficient transformation of organic matter to biogas [80] .
Studies have shown that co-digestion improves the system stability and methane yield due to synergetic effect. In the co-digestion of sugarcane press mud with food waste, the maximum synergetic effect of 17.5 occurred at a mixing ratio of 80:20. At this mixing ratio, the maximum methane yield of 82.36 mL CH 4 /g VS, corresponding to a C/N ratio of 24.46, was obtained, which was 22% and 54% higher than those of sugarcane press mud and food waste mono-digestion, respectively [92] .
Co-digestion of alginate-extracted (AEWLJ) and non-extracted (NAEWLJ) waste of Laminaria japonica with rice straw (RS) at different mixing ratios was studied in batch mode. The results showed that co-digestion of AEWLJ/RS at 67% mixing ratio produced the highest biogas yield of 247 mL/g VS, being 36% higher than the AEWLJ alone. The synergetic effect improved the total methane yield up to 78% and 88% for combinations of AEWLJ/RS and NAEWLJ/RS, respectively [93] .
The general metabolism of microbial consortia involves extracellular polymeric substances (EPS) of sludge aggregates. EPS is partly the result of the microbial metabolism that is affected by the microbial community structure and its activity. Growth conditions control the quantity of EPS, which in turn affects the anaerobic digestibility and biogas production. It is not yet clear how different microorganisms contribute to EPS secretion. A comparative study on the pathways of substrate degradation and the by-products of EPS subfractions could provide supplementary data on long-term impacts of microbial activity on anaerobic co-digestion reactors [94, 95] .
Monitoring qualitative and quantitative changes in a microbial community structure allows for the evaluation of the influence of the co-substrate on microbial populations contributing to the biogas production. However, there is not sufficient literature on this topic. Some studies have been conducted on the microbial community structure and its influence on anaerobic co-digestion processes. Such studies have been aimed at increasing methane production by co-digestion of different organic-rich waste streams, and they have been mostly developed with a view to the influencing parameters (such as mixing ratio, HRT, temperature, and carbon to nitrogen (C/N) ratio) on the population of methanogenic archaea species. Although they reported the selected values of the parameters in their experiments, they have not evaluated how the change of these parameters influence the microbial population and methane production in co-digestion of the same feedstocks, and there are only few studies on this area from the available literature.
In the co-digestion of cow manure and food waste, the effect of temperature on microbial consortia and methane production was investigated. Both thermophilic and mesophilic reactors operated at a 20-day HRT in CSTR mode. It was indicated that the change of temperature influenced the microbial community structure. The analysis of microbial population showed that the species of Firmicutes was dominant bacteria in mesophilic reactor at 37 • C. Both Methanobacterium and Methanosaeta species of archaeal community were observed in the mesophilic reactor with similar abundance. In thermophilic conditions at 55 • C, the dominant bacteria were Thermotogae, Firmicutes, and Synergistetes. The genus Methanothermobacter were the dominant archaea in thermophilic condition in the co-digestion system. The result of this study showed that mesophilic conditions at 37 • C increased methane production by 26%, while it did not enhance production of methane in thermophilic reactors co-digesting food waste with cow manure [88] . In contrast, the result of the study on co-digestion of food waste and wheat straw at different mixing ratios and constant OLR of 3 kg VS/m 3 d in the lab scale CSTR systems showed that the increase of temperature improved the biogas production rate in thermophilic reactors operating at 55 • C, being 4.9-14.8% higher than that of mesophilic reactors at 35 • C. It was also observed that with the increase of food waste proportions, bacteria belonging to the phylum Thermotogae became predominant in thermophilic conditions, while under the mesophilic condition, the predominant bacteria was Bacteroidetes. The species of Methanosarcina was the major methanogen under the thermophilic condition, while the predominant methanogen was Methanothrix under the mesophilic condition. The optimal proportion of the food waste in co-digestion with wheat straw was observed to be 50 and 90% for thermophilic and mesophilic conditions, respectively [89] . Some of the results of these studies are summarized in Table 2 .
It is reported that an even distribution of hydrogenotrophic and acetotrophic methanogen populations in a reactor is indicative of a stable operating condition [96, 97] . Yang et al. [85] in 2016 studied the performance of a co-digester for the treatment of sewage sludge with fat, oil, and grease (FOG) using a mesophilic semi-continuous reactor and compared it to that of a mono-digester receiving only sewage sludge. Their study indicated that the secretion of EPS increased by 40% in comparison with the mono-digester and that the improvement in co-digestion performance was stimulated due to the release of EPS. The analysis of the microbial 16S rRNA gene showed the dynamic change of the microbial community through the process. Both the bacterial and archaeal community went through a process with FOG addition, and a large amount of consortia, such as Methanosaeta and N09, were involved in the process. As compared to sewer sludge mono-digestion, biogas production and TS removal efficiencies increased up to 35% and 26%, respectively. It was shown that FOG addition resulted in nutrition balance and regulation of microbial composition. Additionally, metabolic activities were stimulated and more EPS were obtained with the progressive addition of FOG. Toumi et al. [81] investigated the microbial community's structures in anaerobic co-digestion of dairy wastewater and cattle manure. A maximum VS reduction of 88.6% and biogas production of 0.87 L/g VS removal were obtained through their research, corresponding to a C/N ratio of 24.7 at HRT of 20 days. The bacterial profile analysis showed a large quantity of uncultured Bacteroidetes, Firmicutes, and Synergistetes bacterium. The Syntrophomonas strains associated with H 2 -using bacteria, comprising Methanospirillum sp., Methanosphaera sp., and Methanobacterium formicicum, were observed as well. These syntrophic associations are necessary in anaerobic digestion reactors, allowing for maintenance of low hydrogen partial pressure. On the other hand, high concentrations of VFAs resulting from dairy waste acidogenesis allowed the growth of Methanosarcina species. It was indicated that high concentrations of VFAs would result preferentially in the growth of the acetoclastic Methanosarcina species. The polymers, which are hydrolyzed into soluble compounds under fermentative condition, are converted to acetate and one-carbon constituents by acidogens and acetogens, and these intermediates in turn can be transformed directly by methanogenic archaea into methane and carbon dioxide [98] [99] [100] .
The anaerobic digestion process of cellulosic material, including grass silage, oat straw, and sugar beet tops, is a multistep process mediated by bacteria and methanogenic archaea to produce methane. It was found that in anaerobic digestion of cellulytic feedstocks, significant cellulolytic contributions occur due to the existence of species belonging to the order Clostridiales [99] .
Leclerc et al. [101] identified the diversity of dominant archaea in 44 anaerobic digesters fed with various feedstocks, including pulp and paper effluent, pig slurry, slaughterhouse waste, municipal waste, etc., utilizing single strand conformation polymorphism (SSCP) analysis and sequencing of 16S rDNA. According to their findings, the diverse range of the dominant archaea in the digesters comprised 23 different molecular species, which belong to Euryarchaeota phylum of the archaea domain. From the 44 digesters, the most frequent archaeal sequences were close to Methanosaeta concilii and Methanobacterium clade and occurred in 84% and 73% of digesters, respectively. The other sequences lies under the Methanobacteriales and the Methanomicrobiales families. The paper-type effluent, such as the effluent from paper factories and the pulp and paper industry, demonstrated an effect on the distribution of the archaeal population, whereas no correlation between the nature of the effluent and the distribution of the archaeal community was observed for other types of effluent. For instance, no correlation was observed when using vinasses-type effluent or alcohol effluent as feedstock to the digesters. For the digesters fed with paper-type effluent, archaeal composition showed increased dominance of clone vadinDC06 and Methanobacterium formicicum sequences.
Wang et al. [82] evaluated co-digestion of cow manure with grass silage, oat straw, and sugar beet tops in three continuously stirred tank reactors. The analyses indicated that major microorganism groups present in the three reactors included Clostridia, Unclassified Bacteria, and Bacteroidetes. However, Bacilli or Deltaproteobacteria groups were unique to the reactors that included sugar beet and straw with cow manure, respectively. Unclassified Bacteria dominated in the sugar beet and cow manure co-digester, while Clostridia was the dominant group in the straw and grass reactors. The highest amounts of methane yield and VS removal were obtained in the cow manure-grass reactor, while the lowest values were observed in the reactor of co-digested cow manure with oat straw.
Liu et al. [83] studied anaerobic co-digestion of waste activated sludge (WAS) and food wastewater to examine the effects of food wastewater mixing ratio on the populations of methanogenic archaea species and organic matter removal. Microbial analysis showed relatively high abundances of two methanogenic groups, including Methanothermobacter and Methanosarcina, throughout the process. The changes in the population of methanogenic archaea was correlated with biogas production and organic matter removal, which were intensely affected by organic acid concentration. As reported by Liu et al. [83] , Methanogenic archaea population was positively correlated with the increase of food wastewater mixing ratio. The highest biogas production, with a methane production rate of 1423 mL CH 4 /L.d, CH 4 content of 68%, CH 4 yield of 316 mL CH 4 /g COD removed, and organic matter removal (VS removal of 77%, TCOD removal of 65.5%), was obtained at a food wastewater mixing ratio of 75%. The results indicated that the maximum population of methanogenic archaea occurred at the food wastewater mixing ratio of 75%. The dynamics of the archaeal community and the correlations between environmental factors and methanogenic community structure was investigated by Lin et al. [90] . Their lab-scale continuous flow stirred-tank reactor (CSTR) co-digested fruit and vegetable waste with food waste at different mixture ratios. With the increasing ratio of fruit and vegetable waste to food waste, the community was predominated by Methanoculleus, Methanosaeta, and Methanosarcina. The shift in the methanogenic community was correlated with the composition of acidogenic and methane yield. Different compositions of intermediate metabolites were observed as a result of applying different mixing ratios of the substrates. In a study conducted at Rayong Biogas Plant in Thailand [75] , it was examined how the microbial community structure was affected by the different stages of the AnCoD process, and how co-digestion of mixed waste supported different methanogenic and bacterial pathways. The digestion occurred in a three-stage reactor under mesophilic conditions and treated municipal solid waste, including food waste, fruit, and vegetable waste and night soil waste. Methanosaeta was found to be the predominant methanogen, suggesting the acetoclastic methanogenesis to be the main pathway. Resource availability by utilizing different waste streams and environmental factors were verified to be the main factors influencing microbial community dynamics in a mesophilic, anaerobic co-digestion. In the first two stages, digestion of mixed wastes supported acetate, lactate-, and butyrate producing bacteria. This is considered to be common for the AD of such waste configurations [77] . The VFAs were degraded further by the methanogens in Stage 3 (the main digester). Methanogenesis was further improved by the increase of pH and resource availability at this stage and the presence of acetate oxidizing bacteria, such as Arcobacter-suggested acetate oxidation. According to the authors, these organisms would have been introduced with the night soil waste. There was a possibility that denitrification and methanogenesis occurred simultaneously during digestion, since the abundance of denitrifying bacteria throughout the AD process was observed. It was revealed that Comamonas denitrificans were recovered from stages 1 and 2 [75] . A previous study by Osaka et al. in 2006 [102] had found that Comamonas denitrificans assimilated acetate under nitrate-reducing conditions in activated sludge. According to Supaphol et al., the increase in the C/N ratio that was observed between stages 1 and 2 would be due to nitrogen removal from the system through denitrification.
The analysis of 16S rRNA proved stage 3 to be the most productive stage, as indicated by the increase in populations of both archaea and bacteria, and also the approximately 50% removal and conversion of VSS to biogas. Razaviarani et al. [86] studied the correlation between the reactor performance and the microbial community dynamics during the AnCoD of different loadings of biodiesel waste glycerin with municipal wastewater sludge in a two-phase digester. The genus Methanomicrobium (hydrogenotrophic methanogens) and the genus Methanosaeta (acetoclastic methanogens) were found to be the dominant methanogenic populations. They were detected in almost equal sequence abundances in the control reactors, which were fed only with municipal wastewater sludge.
This suggested that both groups of methanogens were responsible for the methane production in the control reactors. As compared to the control reactor for phase 1, the sequence abundance of genus Methanosaeta more than doubled, while the population of the genus Methanomicrobium (hydrogenotrophic methanogens) decreased by 96% when biodiesel waste glycerin co-digested with municipal wastewater sludge. The biogas production and methane yield increased by 48% and 56%, respectively. The even distribution of hydrogenotrophic and acetotrophic methanogens was suggestive of the stable conditions of the reactor under moderate loading of biodiesel waste glycerin. Microbial analysis demonstrated Methanosaeta and Methanomicrobium (hydrogenotrophic) to be the methanogenic groups existing with highest diversity during the stable operation with the moderate biodiesel waste glycerin loading. It was observed that Methanosaeta sequences were predominant at the lowest biodiesel waste glycerin loading, while Methanomicrobium sequences prevailed at the higher loadings. The environmental variables, including pH, alkalinity, and VFAs, were reported to be the key factors determining the microbial community dynamics. As compared to the control reactor, in phase 2, approximately a 168% increase in the total sequence abundance of archaea for the co-digestion reactor was observed. In the co digestion reactor, the biogas production and methane yield increased by 2.0 and 2.2 times, respectively. A 4.6 and 1.3-times increase in the sequence abundances of the genera Methanomicrobium and Methanosaeta was obtained by the addition of 1.35% (v/v) biodiesel waste glycerin to the feed. These findings indicated that a greater number of hydrogenotrophic methanogens existed in the co-digestion reactor in comparison to the control reactor [86] .
The study by Yang et al. [85] also showed that hydrogenotrophic methanogens were the essential prevailing archaeal group during the digestion of synthetic wastes containing glycerol.
The growth of many more hydrogenotrophic populations than acetoclastic methanogens in the co-digestion reactor in phase 2 was observed. As reported elsewhere [86, 103] , this is assumed to be due to degradation of propionic acid, the major product of glycerol degradation, which is accelerated in the presence of H 2 -utilizing methanogens. Additionally, the production of methane from propionate degradation is thermodynamically feasible only when the H 2 partial pressure is maintained between 0.1 and 10.1 Pa by H 2 -utilizing methanogens. The reduction of CO 2 by H 2 via the hydrogenotrophic pathway is more energetically favorable than acetoclastic reactions. Martín-González et al. [84] found that thermophilic conditions were superior to mesophilic conditions for the enhancement of AnCoD along with the use of sewage treatment plant fat, oil, and grease waste (STP-FOGW) as co-substrates in co-digestion of sources collected from organic fraction of municipal solid waste (SC-OFMSW).
Monitoring of the microbial structure demonstrated that the bacterial profiles were clustered in two separate groups, before and after the extended contact with FOG waste, whereas the archaeal community structure remained relatively constant throughout the operation. The bacterial population structure showed a dynamic change determined to be due to introducing FOG residues to the reactor. The low diversity of the archaeal community that was observed in their study was in agreement with another study by Weiss et al. in 2008 [104] that showed a lower diversity in thermophilic anaerobic reactors as compared to mesophilic ones. The stable reactor performance during their whole experiment would be due to the development of a main consortium acclimated to this sort of complex residue. Furthermore, indications of inhibition, including VFA accumulation or decrease in biogas production, were not observed after feeding FOG waste to the reactor. During the co-digestion period, a 52% increase in biogas production from 11 to 17 L/d, and 36% in methane yield from 0.36 to 0.49 L CH 4 /g VS added , were achieved.
It is evident that both communities of methanogens, including bacteria and archaea, are found in AnCoD systems. However, Methanosaeta species, which belong to the archaeal consortium, are the most abundant population of methanogens that are present in the majority of the AnCoD systems. Methanosaeta species are very active methanogens and are able to produce a large amount of methane. The species of the bacterial community, such as Clostridia, are commonly found in feedstocks, such as cattle manure, grass silage, and sugar beet, which can be introduced to the system, which utilizes them as co-substrates. In bioreactors, including AnCoD systems, characterization of microbial consortia is useful for understanding and optimization of the processes in order to increase the methane yield. Production of biomethane occurs through syntrophic metabolism between both communities. The key pathway for producing methane through the syntrophic metabolism includes hydrogen transfer between both methanogenic consortia of bacteria and archaea.
Digester Stage
In general, anaerobic digesters can be configured as one-stage, two-stage, or multi-stage reactors, in which the hydrolysis/acidogenesis and acetogenesis/methanogenesis steps occur in either the same or separated digesters (Figure 4) . Separating the digesters makes the process easier to control, and makes it possible to separately optimize the operational and environmental conditions for hydrolysis/acidogenesis and methanogenesis processes in order to enhance the overall reaction rate and biogas yield [105, 106] . In the study conducted by Razaviarani et al., in the co-digestion of municipal wastewater sludge with biodiesel waste glycerin in a mesophilic two-stage CSTR reactor, the addition of biodiesel waste glycerin to the municipal wastewater sludge increased the biogas and methane yield compared to the control reactors in each phase. They observed that the biogas production and methane yield increased to 12.2 L/d and 0.53 L/gVSadded, corresponding to 48% and 56% increases in biogas production and methane yield, respectively, compared to the control reactor in phase 1. In phase 2, the addition of BWG to the feed increased biogas and methane yield by 100% and 121%, respectively, compared to the control reactor that digested only municipal wastewater sludge [86] .
Lafitte-Trouque et al. found their two-stage thermophilic/mesophilic AnCoD system to be effective for the co-digestion of sewage sludge and confectionery waste. The system with the second digester operating at a HRT of 12 days provided the best performance in terms of stability, VS reductions, and specific methane yield (corresponding to an average 82% methane in the gas composition). However, a HRT of 8 days in the second stage digester was not able to assimilate high concentrations of volatile acid and low pH from the first digester. This was related to the insufficient retention time for maintaining a substantial methanogenic population. In a single-stage digester, a HRT of less than 20 days may cause methanogens to be washed out of the digester. Therefore, HRT is one of the important design parameters for the single-phase operations [124] .
The study by Ratanatamskul et al. [125] was conducted at pilot-scale on the development of an energy recovery system using a novel prototype two-stage anaerobic digester. Their system codigested food waste with sewage sludge from a high-rise building for on-site biogas production. The food waste to sewage sludge mixing ratio of 7:1 by weight was selected as the optimal mixing ratio Fluctuations in organic loading rate, heterogeneity of wastes, or the presence of excessive inhibitors can lead to instability of the process, and multi-stage systems have been shown to be more stable as compared to single-stage ones. Two or multi-stage systems allow for the selection and enrichment of different types of microorganisms in each digester, which results in extending the possibility of processing different biomass constituents, improving substrate conversion, enhancing the chemical oxygen demand (COD) reduction, and increasing energy recovery. Although multi-stage digesters are associated with greater construction and maintenance costs, multi-stage digesters provide higher performances as compared to single-stage systems [107] [108] [109] . Using a two-stage digestion, controlled acidogenesis in the first digester helps maintain a high soluble feed to the second stage, which subsequently enhances the biogas production [110] .
In the two-stage anaerobic digestion systems, acid fermentation and methanogenesis are separated into two reactors in order to optimize reactor conditions for the different groups of microorganisms. The acidogenic stage is typically operated at a low HRT in the range of 2 to 3 days and a pH of between 5 and 6, while the second stage, methanogenesis, is typically operated with a HRT of 20 to 30 days and a pH between 6 and 8, facilitating the development of slow-growing methanogenic archaea. Moreover, the acidogenesis phase allows for long chain fatty acid (LCFA) saturation and degradation [30, 38] .
Owing to the bent molecular structure of unsaturated LCFAs because of the existence of double bonds, they have a greater cover area of 339 cell walls per molecule as compared to saturated LCFAs. As a result, unsaturated LCFAs have demonstrated stronger inhibitory effects in comparison with saturated LCFAs [111] [112] [113] , as such transformation of unsaturated to saturated LCFAs is beneficial. In addition, LCFA saturation is necessary for the oxidative breakdown of fatty acid molecules and formation of acetic acid [105, 114] .
The outcome of a study using a two-stage AD system treating a synthetic fat-containing wastewater comprised of a glucose and LCFA mixture revealed that 19% of LCFAs were degraded and 12% of unsaturated LCFAs were saturated in the acidogenic phase [38] . The acidogenic phase can also convert the unsaturated LCFAs to palmitic acid, which reduces the lipid inhibition of methanogenesis in the second stage [115] . Food waste, which composes a large portion of the organic fraction of OFMSW, contains a substantial amount of organic soluble compounds, which can be simply converted to VFAs. Therefore, it can be an ideal substrate for biogas production. Nevertheless, formation of excessive amount of VFAs at initial digestion stages can result in a remarkable pH reduction and subsequent methanogenesis inhibition. Utilization of two-stage anaerobic digestion systems for food waste has shown to be an effective solution for the pH inhibition of one stage systems [116] [117] [118] [119] [120] [121] . Most of the studies on anaerobic co-digestion processes have aimed to evaluate the digester's performance and optimal operating conditions for a particular type of waste.
In the study conducted by Razaviarani et al., in the co-digestion of municipal wastewater sludge with biodiesel waste glycerin in a mesophilic two-stage CSTR reactor, the addition of biodiesel waste glycerin to the municipal wastewater sludge increased the biogas and methane yield compared to the control reactors in each phase. They observed that the biogas production and methane yield increased to 12.2 L/d and 0.53 L/gVSadded, corresponding to 48% and 56% increases in biogas production and methane yield, respectively, compared to the control reactor in phase 1. In phase 2, the addition of BWG to the feed increased biogas and methane yield by 100% and 121%, respectively, compared to the control reactor that digested only municipal wastewater sludge [86] .
Lafitte-Trouque et al. found their two-stage thermophilic/mesophilic AnCoD system to be effective for the co-digestion of sewage sludge and confectionery waste. The system with the second digester operating at a HRT of 12 days provided the best performance in terms of stability, VS reductions, and specific methane yield (corresponding to an average 82% methane in the gas composition). However, a HRT of 8 days in the second stage digester was not able to assimilate high concentrations of volatile acid and low pH from the first digester. This was related to the insufficient retention time for maintaining a substantial methanogenic population. In a single-stage digester, a HRT of less than 20 days may cause methanogens to be washed out of the digester. Therefore, HRT is one of the important design parameters for the single-phase operations [122] .
The study by Ratanatamskul et al. [123] was conducted at pilot-scale on the development of an energy recovery system using a novel prototype two-stage anaerobic digester. Their system co-digested food waste with sewage sludge from a high-rise building for on-site biogas production. The food waste to sewage sludge mixing ratio of 7:1 by weight was selected as the optimal mixing ratio according to the result of lab experiments, and different HRTs were applied to evaluate the effect of HRT on the digester performance. The amount of biogas increased from 1209.17 to 1704.59 L/d with an increase of HRT from 16 to 24 days. The optimal methane production of 825 L/d occurred at an HRT of 24 days, corresponding to 64% methane content in the produced biogas.
Although the advantages of two-stage over single-stage digestion systems are addressed in the literature [119, [124] [125] [126] [127] [128] , there is a lack of adequate research available in terms of comparison between the performances of single, two, or multi-phase co-digestion systems. Kim et al. [129] developed a two-stage system comprised of a continuously stirred tank reactor for acidogenesis and a methanogenic upflow bed reactor for the treatment of a high lipid wastewater from a milk and ice cream factory, co-digested with slaughter house wastewater. They obtained a 1.2-times increase in the COD removal, 1.9-times increase in lipids removal, and 1.4-times increase in the methane production compared to the single phase system.
In contrast to the result of that study, no significant increase in the overall energy recovery was attained by Schievano et al. [130] using a two-stage digester co-digesting swine manure and market biowaste in comparison with a single-stage one. Volumetric biogas productions were found to be 1.00 and 0.79 Ndm 3 /L reactor d for the single-stage and the two-stage systems, respectively, even though the average biogas methane content of the two-stage system showed a 25% increase over that of the single-stage digester. The accumulation of undegraded intermediate metabolites, such as volatile fatty acids, ketones, amines, amino acids, and phenols, was believed to be responsible for the reduced efficiency of the two stage digester. It was concluded that although the two-stage system could be capable of a higher bioenergy production, certain incompetent fermentative pathways may lead to formation of recalcitrant and toxic metabolites.
Hidalgo et al. [131] compared a single-phase with a two-phase reactor for the co-digestion of residues from the used vegetable oil processing industry and pig manure. The maximum methane production of 1.06 m 3 CH 4 /kg VS removed in the single-stage digestion corresponding to a methane production of 0.69 m 3 CH 4 /kg VS removal (65% CH 4 ) was obtained at the end of first 50-day operational period. The average biogas productions of 0.46 and 0.33 m 3 /kg VS removal were observed for the second and third operational period with methane productions of 0.30 (65.5% CH 4 ) and 0.22 (66% CH 4 ) m 3 CH 4 /kg VS removed, respectively.
The two-phase anaerobic digestion improved VS removal efficiencies and process stability in comparison with the single-phase reactor. Although the single-stage system produced more biogas, a higher methane content in produced biogas was obtained by the two-phase system and the latter was deemed to be more beneficial. Table 3 summarizes the results attained by a number of studies conducted on single and two-stage AnCoD systems. The results obtained by applying a novel compact three-stage anaerobic digester in co-digestion of food waste and horse manure verified the advantages of the three-phase digester over single and two-stage ones as controls. By using three compartments in the three-stage anaerobic digester, three separated functional zones hydrolysis, acidogenesis, and methanogenesis were created. This configuration significantly accelerated the solubilization of solid organic matters and the formation of volatile fatty acids leading to an increase of 11 and 23% in methane yield in the two-stage and three-stage digesters in comparison with the single-stage one, respectively. The analysis of 16 S rDNA showed that different microbial communities comprising hydrolyzing bacteria, acidogenic bacteria, and methanogenic archaea were selectively enriched in the three separate reactors of the three-stage digester. Lactobacillaceae and Pseudomonadaceae were found to be the two predominant hydrolyzing bacteria in the hydrolysis digester. In comparison, the dominant species in acidogenic stage were Porphyromonadaceae and Enterobacteriaceae, corresponding to almost 70% of the total bacteria [87] .
The members of Lactobacillaceae are able to ferment carbohydrates to lactate and other by-products, such as acetate, ethanol, formate and succinate, while Pseudomonadaceae are able to oxidize carbohydrates and breakdown aromatic rings, and to convert sugars into their biomic acids. It was concluded that the enrichment of these two groups of bacteria contributed to the decomposition and solubilization of food waste and horse manure in the hydrolytic stage. In addition, Porphyromonadaceae have the ability to degrade complex carbohydrates and proteinaceous constituents and catalyze the VFA production. It was indicated that its enrichment was linked to the increase of NH 4 + and VFA concentrations in the acidogenic stage. Methanogenic species were not identified in the hydrolytic and acidogenic stages. However, they were enriched in the methanogenic stage. The abundance of the methanogenic archaea was increased by 0.8 and 1.28 times in the two-stage and the three-stage digesters compared to the single stage one, respectively [87] .
Conclusions
The current review indicates that implementation of co-digestion mode as compared to mono-digested systems and optimization of digestion performance through the selection of microbial consortia can play prominent roles in the improvement of the overall efficiency of the treatment process and biogas yield, which would be associated with reduced operating costs. This, in turn, results in increased value-added products and reduced environmental footprint and supports local and national economies.
Anaerobic co-digestion offers several benefits over mono-digestion. Using co-substrates enhances performance of the digester and subsequently more biogas production is attained. Additionally, economic benefits can be obtained from the gate fees for waste handling through large scale centralized co-digesting facilities. However, sustainable operation of AnCoD demands appropriate implementation of this process. Overall, the implementation of large scale anaerobic co-digestion systems can lead to the goals of integrated waste management, addressing waste reduction and utilization of renewable energy.
Biomethane is produced via an interaction between archaea and bacteria communities. Analyses of gene sequences can provide insight into anaerobic co-digestion processes and the control strategies. Identifying a correlation between the type of feedstocks and the abundance of the existing species of microbial consortia can be utilized for optimizing the AnCoD systems through the proper selection of the feedstocks and their combination ratio. This could be particularly helpful in controlling multi-stage systems, as the different microbial communities, including hydrolyzing bacteria, acidogenic bacteria, and methanogenic archaea, could be selectively enriched in the three separate reactors in each stage. More studies are required to investigate the microbial consortia in co-digestion of various feedstocks. The advantage of multi-stage over one-stage digesters also requires further investigation and studies. 
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